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The plucked hairs and biopsied hair follicles of the scalp were 
obtained from a female patient with monilethrix. By scan-
ning electron microscopy, the plucked hairs showed a typical 
moniliform feature composed of alternated nodes and inter-
nodes. By computer stereography, reconstructed three-di-
mensional models of in vivo hair structures showed that the 
diameter of hair shaft was partially reduced in the kerato-
genous zone and that the reduction was severe in the hair 
cortex and cuticle layers but mild in the inner root sheath. By 
transmission electron microscopy, a significant degeneration 
of hair matrix cells was found, and a zig-zag disarray of 
cortical tonofibrils and invaginations of the hair cuticle cells 
into the cortex were noticed in the suprabulbar portion. In 
some hairs, the hair bulbs showed no degeneration, but a 
M onilethrix is a unique hair anomaly characterized by the moniliform or beaded hair [1] and inher-ited probably by an autosomal dominant pattern [2,3]. Several investigations were done on this hair disorder using light microscopy (LM) (4-6], 
scanning electron microscopy (SEM) [7- 9], transmission electron 
microscopy (TEM) [ 10,11 ], and autoradiography [ 12]. Our previous 
ultrastructural study of monilethrix [11] indicated that the monili-
form hair was formed by abnormal periodic thinning of hair shaft, 
which might be a result of a periodic decrease in the number of 
cortical cells produced. However, in the previous study, only 
plucked hair samples from a pati~nt ":"ere available. In the _present 
study, we examined a speomen _btopsted ~rom the ~calp les10n of a 
new monilethrix patient to obt_am further mformatton on the path-
ogenesis of this hair abnormal tty. 
MATERIALS AND METHODS 
Case The patient was a 4-year-ol~ ca~casia~ girl, who had be~n 
noted to have a diffuse hair abnormaltty swce buth. Her parents satd 
that at 12 months of age her hair appeared to be sparse and not 
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Abbreviations: 
IRS: inner root sheath 
LM: light microscopy 
ORS: outer root sheath 
SEM: scanning electron microscopy 
TEM: transmission electron microscopy 
3D: three-dimensional 
2D: two-dimensional 
degeneration of cortical cells and invaginations of hair cuticle 
were seen in some portions in the developing zone of the 
cortex. This suggests that not every hair matrix is damaged in 
a synchronized fashion, but individual hairs are affected in-
dependently. Furthermore, in all the hair and hair follicles 
examined, cytoplasmic vacuolations were always seen in the 
various layers, and abnormal formation of tonofibrils was 
often observed in the cortex. In monilethrix, a cell abnormal-
ity may inherently be present in the hair tissue and, when 
such abnormality occurs severely, the cortical cells are partic-
ularly affected in the hair matrix. This seems to result in a 
decrease in number of cortical cells and thinning of the hair 
shaft. J Invest Derma to/ 9 5:186-194, 1990 
increasing in length. In her family history, two paternal second 
cousins were affected by a similar condition. By initial examination 
in the Department of Dermatology at Wayne State University in 
March in 1985, her scalp hair was sparse, fine, and black. In the 
frontoparietal area of the scalp, fine short, slightly brittle hairs were 
found . Her eyebrows appeared normal. LM examination of the 
plucked scalp hairs revealed a typical feature of monilethrix. A. 
punch-biopsied specimen was obtained from the frontal area of her 
scalp. 
Procedure for SEM Observation The plucked hair samples 
were examined by a SEM asM-840) after gold-coating. 
Procedures for LM Observation and Computer Stereo. 
graphic Study The biopsied specimen was double-fixed with 3% 
glutaraldehyde in 0.1 M cacodylate buffer (pH 7.4) and 1% osmiunt 
tetroxide in the same buffer, dehydrated in graded alcohol solutions 
and propylene oxide, and embedded in Epon 812. Longitudinal 
sections of hair follicles were cut in a thickness of 2 /.Jm with an 
ultramicrotome (Sorvall MT-5000), stained with toluidine blue, 
and observed by LM. 
For computer stereographic study, serial thick sections, including 
a whole hair follicle, were made from two hair follicles embedded in 
the specimen. By a LM and a TV camera (KV -1 60, Hitachi Denshi, 
Tokyo), the histologic features of the sections were displayed on a 
TV monitor (PC-TV451, NEC, Tokyo), on which two-dimen-
sional (2D) figures drawn with a digitizer (MITABLET-II, Graph-
tee, Tokyo) were superimposed through a computer (PC-9801 VX 
and PC-981ln, NEC). A three-dimensional (3D) image analysis 
program (Cosmozone 2SA, Nikon, Tokyo) was also set in the same 
computer. With this program, outlines of the cuticle of hair, the 
Henle's layer, and the basement membrane around the hair follicle 
in all the serial histologic sections were traced by the digitizer and 
input into the computer. Then, 3D image models of these structures 
were reconstructed and displayed on the TV monitor. The 3D 
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image models were rotated along various axes and assigned different 
colors. Two imaginary light sources for illuminations were set, and 
the illumination effects of the 3D image models, such as the degree 
of light reflection by each structure and the degree of dispersion of 
the reflected light, were controlled. 
Procedure for TEM Observation After the computer stereo-
graphic study, fo ur or five sections were chosen from the serial 
sections of each hair follicle and reembedded inEpon 812. Ultrathin 
sections were cut with a diamond knife and the same Sorvall ultra-
microtome. They were then double-stained with 1% uranyl acetate 
in distilled water and with Reynolds' lead citrate (13], and observed 
in a JEM-lOOS TEM. Several LM sections of other hair follicles 
were similarly processed for TEM. Some of the plucked hair sam-
ples were also processed for TEM observations and their ultrathin 
cross-sections were observed by TEM. 
RESULTS 
SEM Observation By SEM, all thirty examined hair samples, 
which had been randomly chosen from the plucked ones, revealed 
typical findings of moniliform hair, although the abnormality was 
somewhat different in degree among individual hairs, as described 
in our previous report (11 ]. Briefly, nodes and internodes alternated 
along hair. The nodes had a smooth surface covered by normally 
imbricated scales of hair cuticle cells, whereas the internodes 
showed longitudinal ridges and flutes on their surface (Fig 1A,B). 
LM Findings In a hair follicle, an edematous change and a disar-
rangement of the hair matrix cells were found in the hair bulb (Fig 
Figure 1. SEM of a hair from the patient. A, moniliform feature: nodes (n) 
and internodes (i) are alternating. B, enlargement of an internode: longitu-
dinal ridges and flutes are present on the surface (A: magnification X 70; B: 
magnification X 270). 
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Figure 2. LM findings of serial longitudinal sections of an alfected hair and 
ha;. r follicle . An edematous space (arrowhead) is seen in the hair matrix in the 
hair bulb (b). A zig-zag disarray of the cortical fibers is seen at level1 of the 
keratogenous zone. At level 2, the keratinized hair shaft is narrow. bm: 
basement membrane; Ch: cuticle of hair; Co: cortex; He: Henle's layer; 0: 
outer root sheath; P: hair dermal papilla. Toluidine blue stain of thick 
sections of Epon-embedded tissue (A,B: magnification X 124). 
2A). At the supra bulbar level, where fibers appeared in the cortex, a 
marked zig-zag disarray of the cortical fibers was recognized and at 
the upper level of the keratogenous zone, narrowing of the keratin-
ized hair shaft was noticed (Fig 2B). In another hair follicle, the hair 
bulb structures, including the hair matrix, looked normal, while at 
the middle level of the keratogenous zone the cortex became nar-
row and contained fewer numbers of cortical fibers (Fig 3A,B). Two 
more narrow portions of the hair shaft were observed at the upper 
level of the keratogenous zone, where the cortex had just keratin-
ized, and at the middle level of the hair follicle, where the Huxley's 
layer was keratin ized (Fig 3A,B). The other three hair follicles 
examined showed similar abnormal LM findings as described above, 
although the levels of the abnormal portions and the degrees of the 
abnormalities were varied in these hair follicles . Out of the five hair 
bulbs examined, only one was found to be remarkably affected by 
LM. No inflammatory cell infiltrate was found in or· around the hair 
follicles. 
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Figure 3. LM findings of serial longitudinal sections of an affected 
hair and hair follicle: the hair bulb (b) looks normal. A narrow portton of the 
cortex (Co) has fewer cortical fibers seen at levelt of the keratogenous zone. 
At levels 2 and 3, the keratinized hair shaft is narrow. The area of the hair 
bulb (b) indicated by a thick arrow in B is enlarged in Fig lOB by TEM. bm: 
basement membrane; Ch: cuticle of hair; He: Henle's layer; 0: outer root 
sheath. Toluidine blue stain of thick sections ofEpon-embedded tissue (A,B: 
magnification X 124). 
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Figure 4. Three-dimensional structures of the same hair and hair follicle as 
shown in Fig 2, reconstructed by computer stereography. A: hair shaft; B: 
mner root sheath; C: outer root sheath; D: combination of Band C . Levels 1 
and 2 corresp01_1d to 1 and 2 in Fig 2B. At these levels, the diameters of th~ 
hatr shaft and mner root sheath are reduced, while the outer root sheath 
shows only a slight degree of undulation. b: hair bulb (A-D: magnification 
X lOO). 
Computer Stereographic Findings The stereologic architec-
tures of the cuticle of hair, the Henle's layer, and the basement 
membrane of the two hair follicles, as shown in Figs 2 and 3, were 
reconstructed from their serial sections. In this reconstruction study, 
in vivo appearances of the hair shaft layer, the inner root sheath 
(IRS), and the outer root sheath (ORS) were imaged. The narrow 
and/ or structurally abnormal portions of the hair shafts in the two 
hair follicles observed by LM (Figs 2A,B and 3A,B) were confirmed 
to _correspond to the portions reduced in diameters of the hair shafts 
(F1gs 4A and SA). The IRS structures also showed thinning similar 
to, but milder in degrees than, that of the hair shafts at the same 
levels (Figs 4B and SB). However, the ORS showed almost no 
abnormal reduction in diameters (Figs 4C,D and SC,D), except for 
waving of its surface in slight degrees (Fig 4C,D). 
TEM Findings The TEM examination of the section observed 
by LM (Fig 2A) showed that the light microscopically edematou 
part in the hair matrix area was filled with an amorphous substance, 
sandwiched between the hair matrix cells and the hair dermal pa-
pilla (Fig 6A). In this amorphous substance, some degenerated nu-
clei and cell organellae, such as mitochondria and melanosomes, 
were embedded (Fig 6A- C). The cell borders of the surrounding 
hair matrix cells often became obscure, resulting in a continuity of 
their cytoplasm to the amorphous substance (Fig 6A,D). A degener-
ated melanocyte, which had a nucleus that was still preserved, was 
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Figure 5. Three-dimensional structures of the same hair and hair follicle as 
shown in Fig 3, reconstructed by computer stereography. A: hair shaft; B: 
inner root sheath; C: outer root sheath; D: combination of Band C. Levels 
1-3 correspond to 1-3 in Fig 3A and B. At these levels, the diameters of the 
hair shaft and inner root sheath are reduced, while the outer root sheath 
shows no abnormal appearance (b: hair bulb; A-D: magnification X82). 
also embedded in this area (Fig 6C). However, the basal lamina 
covering the hair dermal papilla was morphologically well pre-
served (Fig 6C,D) and the hair dermal papilla cells showed no ab-
normalities (Fig 6A,C,D). The developed cortical cells just above 
the hair matrix cells ultrastructurally appeared normal, except for 
the presence of a few small empty vacuoles in their cytoplasm (Fig 
7). In the abnormal portion at the suprabulbar level of the same hair 
(Fig 2B), a marked zig-zag disarray of cortical cells and their tonofi-
brils was found, and the developing hair cuticle cells showed tent-
like invaginations into the cortex (Fig SA) . At this level, a large 
number of small cytoplasmic vacuoles, which were varied in shape 
and size and had no limiting membrane, were observed not only in 
the cortical cells (Fig SA,B) but also in the cells of the cuticle of hair 
and IRS (Fig SA). These vacuoles could be the result of fixation 
artefacts, but their number exceeded the normal limit of such arte-
facts . The cortical cells produced cortical trichohyaline granules 
[14] (Fig SB); however, the depositions of the granules onto tonofi-
brils seemed to be uneven, so that the tonofibrils in the slightly 
upper cortical cells showed various electron densities (Fig SC). At 
the level of the keratogenous zone, although cortical tonofibrils 
were evenly electron dense and mostly ran parallel to the longitu-
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dina! hair axis, some cortical cells contained spaces filled with an 
amorphous substance. a few tonofibrils, and melanosomes (Fig 9). 
The TEM survey of another hair (Fig 3A) showed that the cells of 
hair bulb had almost normal ultrastructures, except for the forma-
tion of a few cytoplasmic vacuoles (Fig lOA), similar to those de-
scribed above, and an ectopic location of a melanocyte (Fig lOB). 
Because the melanocyte was located in the cortex adjacent to the 
hair cuticle layer, the distribution of melanosomes in the cortical 
cells became uneven; the number of melanosomes per cell was much 
varied among the cortical cells (Fig lOB). In the lower half of 
keratogenous zone of the same hair, where no abnormal finding had 
been noticed by LM (Fig 3B), the tonofilaments in the cortical cells 
sometimes displayed abnormal fibril-formations; namely, frazzled 
fibrils of inadequately condensed tonofilaments (Fig lOC) or lens-
shaped fibrils having internal spindle-shaped empty spaces (Fig 
lOC,D) were partly formed. Melanosomes were unevenly distrib-
uted in the keratogenous zone of the cortex (Fig lOC). In the 
narrow, abnormal portion at the middle level of the keratogenous 
zone observed by LM (Fig 3B), the cortical tonopbrils were very 
small in number and their longitudinal stream was disturbed, result-
ing in the formation of discrete interfilamentous spaces in varied 
degrees (Fig 11A). These spaces were filled with an amorphous 
substance, in which degenerated nuclei (Fig 11A,B), membrane 
structures, and some cell organellae, such as mitochondria and me-
lanosomes (Fig llB), were embedded. Some of the formed tonofi-
brils showed a unique ultrastructural appearance when they were 
cross-sectioned; they were round and were composed of an electron 
dense center and a less electron dense periphery (Fig 11C). The 
imbricated hair cuticle cells partly invaginated into the affected 
portion of the cortex and showed irregularly waved cell shapes (Fig 
llA). The IRS and ORS did not show such severe deformities. 
The TEM surveys of the other three hair and hair follicles re-
vealed fundamentally similar findings as described above. 
The TEM examination of the cross-sections of the plucked hair 
samples revealed almost the same findings as those reported in our 
previous study (11]. Briefly, the cross-sections of nodes of monili-
form hairs showed entirely normal ultrastructures of keratinized 
hair, w hereas those of internodes showed the following abnormal 
findings: The hair cuticle cells were wrinkled and partly protruded 
toward the outside. The cortical cells were often abnormally elec-
tron dense in various degrees (Fig 12A). Although the cell-to-cell 
borders were well preserved (Fig 12B) and the cross-sectioned areas 
of some cortical cells appeared normal in size, the numbers of the 
cortical cells in internodes seemed to be less than those in nodes. In 
the less dense areas of the cortex, a keratin pattern was well orga-
nized; namely, electron lucent circles of the cross-sectioned keratin 
fi laments of 10 nm diameter were compactly packed in a matrix of a 
highly electron dense, amorphous interfilamentous substance. 
However, in ·the electron dense areas of the cortex the electron 
densities of the filaments were much varied (Fig 12B) and small 
spaces filled only with the interfilamentous dense substance were 
observed. 
DISCUSSION 
In our previous electron microscopic study of plucked moniliform 
hairs [11], it was speculated that a periodic malfunction of the ger-
minative cells of the cortex might be a significant cause of moni-
lethrix; namely, a periodic decrease in number of cortical cells pro-
duced in the hair matrix may result in a periodic reduction in 
diameter (thinning) of the hair shaft. This hypothesis on the patho-
genesis of monilethrix seems to be largely supported, but should be 
partly modified in view of the current study of the biopsied speci-
men. 
It is confirmed by the present study that internodes of moniliform 
hair are produced by periodic abnormal changes of the hair and hair 
follicle. The abnormal changes are considered to appear mainly in 
the cortex, as we previously speculated [11]. This is also supported 
by the present computer stereographic study, which showed that 
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Figure 6. Degeneration of hair matrix. A: TE~ of the hair bulb in the same section_ as shown in Fig 2A. An amorphous substance (as) is present between the 
hair matrix cells (me) and the hair dermal pap1lla (P). A degenerated nucleus (N) IS seen. B: enlargement of area 1 in A. The amorphous substance (as) is 
composed of fine filamentous or granular substance~. Some cell organ~llae, such as.mitochondria (mt) and melanosomes (m), are identified. C: enlargement of 
area 2 in A. A degenera ting melanocyte (Me) losmg Its cell membrane IS embedded m the amorphous substance (as). A basal lamina structure (arrowheads) is seen 
between the substance (as) and the hair dermal papilla (P). D: enlargement of area 3 in A . The hair matrix cells (me) lost their cell membrane, resulting in a 
continui ty of their cyto~lasm with the amorph~us s~bstance (as). The cell~ (ast~risks) in the hair dermal pap.illa (P) appear to be normal (Co: cortex). Uranyl 
acetate-lead citrate stammg was used (A: magmficatwn X 1,425; B: magmficatwn X 35,625; C: magmficatwn X 11 ,400; D: magmficatwn X 5, 700). 
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Figure 7. Differentiating cortical cells just above the degenerated hair ma-
trix shown in Fig 6A. These cells look almost normal except for the presence 
of small vacuoles (v) in their cytoplasm. Uranyl acetate-lead citrate staining 
was used (magnification X 6,000). 
Figure 9. Keratogenous zone of the same hair as shown in Fig 8. Some areas 
of the cortex (Co) are occupied by an amorphous substance (as). Melano-
somes (m) are unevenly distributed in the cortex (Co). Ch represents cuticle 
of hair. Uranyl acetate-lead citrate staining was used (magnification 
X 4500). 
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Figure 8. Abnormal part in the keratogenous zone of an affected hair and 
hair follicle. A: TEM of portion 1 in Fig 2B. The cortex (Co) shows a zig-zag 
disarray of the cortical cells. The cuticle of hair (Ch) is invaginating (arrows) 
into the cortex (Co). Many small cytoplasmic vacuoles (v) are seen in the 
cel ls of the cuticle of hair (Ch), cuticle of the inner root sheath (Ci), and 
Huxley's layer (Hu). B: enlargement of the area indicated by an asterisk in the 
cortex in A. Many vacuoles (v) without a limiting membrane are seen in the 
cytopla~m of the cortical cells. C: cortex at a slightly upper level than that 
shown m A . The tonofibnls (f) show a disturbed arrangement and varied 
electron densities. g represents cortical trichohyaline granule. Uranyl ace-
tate-lead citrate staining was used (A: magnification X 2,250; B: magnifica-
tion X9,000; C: magnification X 16,875). 
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Figure 10. TEM of the same section of hair as shown in Fig 3B. A: hair matrix ce ll s. Several small vacuoles (v) are seen in the cytoplasm. B: enlargement of the 
area indicated by a thick arrow in the hair bulb shown in Fig 3B. The melanocyte (Me) is located in the cortex (Co) adjacen t to the cuticle of hair (Ch). 1 
Melanosomes (m) are unevenly distributed. C: the lower level of the keratogenous zone. The tonofibrils in the cortex (Co) reveal a frazzled (star) or lenticular 
(asterisk) appea rance. Melanosom es (m) show an uneven distribution. D: enlargement of the lenticular tonofibrils. g represents cortical trichohyaline granules. 
Uranyl acetate-lead citrate staining was used (A: magnification X 11 ,400; B,C: magnification X 2,850; D: magnification X 11,400). 
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Figure 11. Abnormal part in the keratogenous zone of an affected hair. A: TEM of portion 1 in Fig 3B. The arrangement of tonofi brils is disturbed, and there 
are some spaces lacking in tonofibrils and fill ed with an amorphous substance (as) in the cortex (Co). The cuticle of hair (Ch) is invaginating (a rrows) into the 
cortex (Co). B: enlargement of the area indicated by an asterisk in A . Degenerated nuclet (N), membranous structures (a rrowhead), and melanosomes (m) are 
embedded in the amorphous substance (as). C: high-power view of abnormal tonofibrils in the cortex .. The centers of the cross-sections of tonofibrils ( fc ) show 
a higher electron density than that of their peripheries. Ci: cuticle of inner root sheath ; v: cytoplasnuc small vacuole. Uranyl acetate-lead citrate staining was 
used (A: magnifica tion X 1 ,425; B: magni fica tion X 11,400; C: magnifica tion X 21,375). 
the periodic reduction of diameters occurred severely in the cortex , 
moderately in the IRS, and seldom in the ORS. Such severe thin-
ning of the cortex is now understood to be caused by a degenerative 
change of th e matrix cells of the cortex. Without biopsied speci-
mens, we onl y presumed that th e thinning of the hair shaft may be a 
result of a decreased production in the number of the cortical cells. 
As observed in a hai r bulb in che present study (see Figs 2 and 6) , the 
cell degeneration occurs in the hair matrix and involves several hair 
matrix cell s, including melanocytes . These degenerated cortical 
cell s may move upward with some non-degenerated ones differen-
tiati ng almost normall y. Thus, an abnormal reduction in diam eter 
of the cortex is already detected histo logically in the keratogenous 
zone and becomes visibl e after a complete keratinization of the 
cortex as an internode. 
Although it is clear that the cell degeneration occurs in the hair 
matrix as described above, it is still unknown w hat factors cause the 
cell degeneration. The environments surrounding the hair matrix, 
such as the hair dermal papilla area and the connective tissue sheath 
around th e hair bulb, appear to be at leas t m orphologicall y normal. 
Therefore, the hair matrix cells themselves may have a tendency to 
go into a deg_enerati~e cycle, which may be geneticall y determined. 
The developmg cort1cal cell s, m general, often had sm all vacuoles in 
the cytopl asm arid sometimes formed abnormal tonofibrils. The 
hair cuticl e and IRS cells also had cytopl asmic vacuoles. These ab-
normal changes occurred more severely at the level w here the de-
generation of the cortical cell s was observed than at other levels. 
These findin gs indicate that th e cel l abnormali ty may inherently 
present in all the layers of the hair and hair fo llicle and may become 
periodically severe. The highly electron dense depositions in the 
keratinized cortex in the internodes of moniliform hairs seem to be 
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Figure 12. TEM of cross-sections of cortical cells. in internode of ~n:onili­
form hair. A: \ow-power view. The cells show vaned electron dens1t1es. B: 
high-power view. Keratin filaments are well orgamzed m the less electron 
dense areas, while they are obscure because of the mcreased electron de~slty 
of the matrix. Uranyl acetate-lead citrate stammg was used (A: magmfica-
tion X 30,000; B: magnification X 82,200). 
the results of the abnormal cell differentiation of the affected corti-
cal cell s rather than a secondary change caused by mechanical forces 
such as trauma ( 11]. . 
In our previous study [11] the length between two consecutive 
internodes of moniliform hairs was measured and shown to be not 
constant. In the biopsy specimen used in the present study, the levels 
of abnormality were different in different hairs. For example, the 
hair matrix of one hair bulb showed a degenerative change, whereas 
that of the adjacent hair bulb did not. These findings indicate that 
the periodicity of the degeneration of cortical cells is determined by 
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individual hairs and does not synchronize among them. This rules 
out dietary and other environmental factors as a cause of this abnor-
mality. 
It was shown by the previousTEM study of moniliform hairs (1 1] 
that the cross-sections of the cortex in internodes contained a larger 
number of melanosomes than those in the nodes. However, in the 
current study, it could not be confirmed whether or not the abnor-
mal portions were rich in melanosomes. Instead, an uneven distri-
bution of melanosomes was observed in the developing zone of the 
cortex. This may be caused by the disturbed arrangement of melano-
cytes in the hair bulb, as an ectopic melanocyte was found in a hair 
bulb. 
The invaginations of the hair cuticle layer into the cortex occurs 
in trichorrhexis invaginata (bamboo hair), and they are considered 
to be caused by a softness of the keratinizing cortical cells. Because 
no cell degeneration occurs and the number of cortical cells is not 
decreased, the hair shaft of bamboo hair is swollen around the inva-
ginations (15,1 6]. In pili annulati, a slight degree of undulations of 
hair cuticle are formed . This may be caused by a lack of homogene-
ity of the keratinizing cortex; namely, a number of empty spaces are 
formed in the cortex and the cortex loses a compact structure fill ed 
with keratins. The empty spaces of the cortex in pili a11Ilulati are not 
formed by a cell degeneration in the hair matrix, as described above 
for monilethrix, but by a remarkably decreased production of tono-
fibrils of developing cortical cells [17] . All of three hair anomalies, 
i.e., monilethrix, trichorrhexis invaginata, and pili annulati, are 
regarded as inherited hair disorders, in which the cortical cells are 
mainly affected, although the mechanisms are different in each 
disorder. 
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